The 1D model package STRIVE is verified for simulating the interaction between ecological processes and surface water flow. The model is general and can be adapted and further 
INTRODUCTION
The study of integrating ecological processes and surface water flow is situated in a multidisciplinary research, important for a total view on ecosystem development and management. Attention needs to be paid to the interaction of groundwater, surface water and the ecological system in order to describe the transport of matter through river basins (Buis et al. 2005 ).
An integration of the different disciplines is necessary to develop the scientific know-how of ecosystems with also an effective interaction between the different processes, allowing the study of feedback and cascade processes. For this purpose, numerical modelling is a useful tool. Numerical models and studies often consider only a part of the river basin or transport of a limited number of components. However, exchange processes on the basin level ask for a good understanding of land-water areas with special attention to temporal dynamics and spatial heterogeneity ('hot moments' and 'hot spots' according to McClain et al. (2003) ). The interaction between processes and structures determining the flow of water with dissolved solids and solutes has to be understood.
The interaction of physical, chemical and biological processes influence the exchange of water, dissolved solids and particular matter (Fisher et al. 1998) . In ecosystem studies, not only the river discharge, but also the biochemical processes of the nutrients in the water body are important. The path of these nutrients is connected with the hydrologic variability. Doyle (2005) looked for what discharges were connected with what nutrients were retained. Rivers seem to be important corridors for nutrient transport, yet they can also be critical regions where nutrients are removed or transformed (Peterson et al. 2001 ).
An integrated model study of hydraulic, groundwater, biogeochemical and ecological processes is required for the prediction of dynamic ecosystem behaviour, such as retention of matter in a river ecosystem and the associated resilience.
However, most of the available models do not allow the integration of surface water flow, groundwater flow and ecosystem processes.
In general, for modelling surface water flow, the groundwater level is taken as a boundary condition. Vice versa, when modelling groundwater flow, the surface water level is taken as a boundary condition. In cases of strong interaction, however, it is useful to couple models. Smits & Hemker (2002) developed a method to couple Duflow, for surface water flow and based on the 1D Saint-Venant equations, and MicroFem (finite elements), for groundwater flow, according to an iterative procedure. This model does not take into account environmental aspects. Whigham & Young (2001) developed a simple water movement model allowing the prediction of the environmental impact of flow scenarios in lowland rivers and their floodplains. The model is a good initial framework, but has its constraints due to its simplification. Querner (1997) combined the regional groundwater flow model Simgro with the surface water flow model Simwat and developed Mogrow, using the simplified Saint-Venant equations (parabolic model) to describe the river flow. Another widely used code is Hec-Ras (Hydrologic Engineering Centers River Analysis System), suitable for 1D, steady and unsteady, surface water flow. Rodriguez et al. (2008) describe the coupling of Hec-Ras with Modflow. To study integrated hydrodynamic-ecological modelling, it is not advisable to model complex ecological processes with simplified conceptual hydrodynamic models. In a multidisciplinary approach, different research areas have to be integrated in sufficient detail to properly study the interaction between surface water and vegetation. This is a lack in the existing modelling world.
In Prucha (2001) , some criteria for code selection are studied in detail.
The coupling of different subsystems and subsystem descriptions forms a methodological challenge. This procedure allows receiving information about a wide range of processes taking place in river ecosystems. We developed a STream-RIVer-Ecosystem package (STRIVE) that enables the construction of integrated river ecosystems to capture cascade effects and feedbacks, along with their effect on retention (Buis et al. 2007) . This is embedded within the Femme software environment (Soetaert 2002) The presence of vegetation on the riverbed has an influence on the hydrodynamic characteristics of the flow; moreover, a seasonal variation of the vegetation causes variation of the depth of flow and variation of the resistance. Vegetation affects the fluvial processes such as exchange of sediment, nutrients and contaminants (Carollo et al. 2006; Schneider et al. 2006) . The variation of vegetation is expressed as a change in flow resistance characteristics which has consequently a major effect on the flow, i.e. on the hydraulic capacity of the river and the flow velocity profiles.
This paper presents practical examples and applications of the coupled eco-hydraulic modelling. Special attention is paid to the interaction of vegetation and streamflow. At first, the numerical STRIVE model, including a hydraulic module, an ecosystem part and a module calculating water quality aspects, is described. The study area and the performed measurements, to determine boundary and initial conditions, are included in the same section. In the next section, the basic validation of the STRIVE model is performed, with a mass conservation test, a control of system parameters and validation for steady as well as unsteady state conditions. A sensitivity analysis, where the influence of discharge and biomass density on the dispersion of waves and water levels is performed, allows more understanding. Finally, aspects of integrated modelling (tributary inflow, inundations and water quality aspects) are described.
DESCRIPTION OF THE NUMERICAL MODEL STRIVE Hydraulic module
A 1D hydrodynamic model for unsteady free surface flow based on the Saint-Venant equations has been implemented, yielding accurate modelling of surface flow characteristics, which subsequently has been coupled to ecological processes to achieve the required interaction between the subsystems.
River flow is characterised by its variation of discharges and water levels. Studies on this topic have to take into account this non-permanent character of the flow. When dealing with flood waves, time shift and attenuation of the peak of the wave, both due to storage, are the two main characteristics. This is noticable by studying a wave at two different locations in a river as shown in Figure 1 . The hydrograph of the wave is shown in section I as well as in the more downstream section II.
The mathematical formulation of this phenomenon, i.e.
non-permanent flow of surface water, is expressed by the Saint-Venant equations which include the continuity Equation (1) and the momentum Equation (2): The friction slope S f (Equation (3)) is defined by the roughness coefficient of Darcy-Weisbach f [-] (Equation (4)) (Chow et al. 1988) :
where
These equations (Equations (1) and (2)) are the onedimensional expression (time-averaged and cross-section averaged (Yen 1973 ) of the Navier-Stokes equations. The integral form of the Saint-Venant equations can be found in the work of Mahmood & Yevjevich (1975) , Cunge et al. (1980) and Chow et al. (1988) . Here, the differential form is used which assumes that the dependent flow variables (discharge, waterlevel, waterdepth, etc.) are continuous and differentiable functions. The Saint-Venant equations are based upon the following series of assumptions (Cunge et al. 1980 ):
The flow is one-dimensional, i.e. the velocity is uniform over the cross section and the water level across the section is horizontal.
The streamline curvature is small and vertical accelerations are negligible, hence the pressure is hydrostatic. The effects of boundary friction and turbulence can be accounted for through resistance laws analogous to those used for steady state flow. The average channel bed slope is small so that the cosine of the angle it makes with the horizontal may be replaced by unity.
Solving the Saint-Venant equations for discharge and water level requires boundary conditions and initial condi- from the measured water levels and the weir formula, which relates the water height over the weir with the discharge.
For example, at the downstream section of the reach that will be modelled in section III (cf. study area), the calibration formula of the weir is given by
with The advection-dispersion-reaction equation (Equation (6)) is the base for water quality modelling, i.e. the transport and reaction of chemicals in surface water (Thomann & Mueller 1997) :
where The method used to calculate the discharge is the integration of the velocity field over the cross section, as is explained in Herschy (1978) . An accuracy for the discharge of 2-5% is 
Influence of system parameters
The numerical solution of the Saint-Venant equations depends on the physical situation, but also on the system parameters. Here, the effect of spatial and temporal resolution is analysed.
Number of nodes
The number of nodes depends on different aspects. The number has to be sufficiently high to avoid too large calculation cells which are not able to simulate all physical aspects. 
Validation for unsteady state conditions

Propagation of waves
The propagation of a triangular hydrograph in a 10,000 m long channel with rectangular cross section as shown in Figure 6 (a, b), respectively.
Comparison with analytical solution
A tidal wave in an open channel is modelled. An analytical solution for this problem is described by Ying & Wang (2008) and Bermudez & Vazquez (1994) and is depicted in Figure 7 in The bed elevation, Zb(x), with a negative slope, is defined The boundary conditions are
QðL; tÞ ¼ 0:0:
The analytical solution is given by Bermudez & Vazquez (1994) : velocity. Comparable results are mentioned by Ying & Wang (2008) .
Sensitivity analysis
In this subsection, all calculations use an upstream hydrograph Q(t) according to Anderson et al. (2006) Influence of discharge and biomass density on celerity and dispersion of waves Figure 8 shows results for different hydrographs, indicated as Q 1 (t) and Q 2 (t), with a ratio Q 2 /Q 1 as mentioned in Figure 9 (b). Q 1 (t) has a peak discharge of 2 m 3 /s while 
Time
Influence of discharge and biomass density on water levels Figure 12 (a, b) shows the discharge and water level respectively at different sections along the River Aa. These figures have to be compared to both Figure 13(a, b) . 
